The evolution of antifreeze glycoproteins has enabled notothenioid fish to flourish in the freezing 23 waters of the Southern Ocean. Whilst successful at the biodiversity level to life in the cold, 24 paradoxically at the cellular level these stenothermal animals have problems producing, folding and 25 degrading proteins at their ambient temperatures of down to -1.86°C. In this first multi-species 26 transcriptome comparison of the amino acid composition of notothenioid proteins with temperate 27 teleost proteins, we show that, unlike psychrophilic bacteria, Antarctic fish provide little evidence for 28 the mass alteration of protein amino acid composition to enhance protein folding and reduce protein 29 denaturation in the cold. The exception was the significant over-representation of positions where 30 leucine in temperate fish proteins was replaced by methionine in the notothenioid orthologues. 31
Introduction 41
One of the many consequences of our warming world will be the irretrievable loss of the coldest 42 habitats. This change will have a significant impact on the endemic fauna, many of which have evolved 43 novel adaptations to life in freezing conditions (Pörtner et al. 2007 ). Clearly, there is strong interest in 44 learning how these cold-adapted species will respond in the coming years, in particular with regard to 45 those species of economic importance such as the notothenioid fish in the Southern Ocean. We are 46 constrained in our abilities to decipher responses to change, however, because we know relatively 47 little about the molecular genetic mechanisms these species have evolved to thrive in freezing 48 conditions and how these adaptations will impact their future responses and resilience in a changing 49 world. (Table 1) . Median contig length was ̴ ̴ ̴ 400 bp and was consistent across species. Over 80% 145 of initial reads could be realigned to the assembled transcriptomes, which is consistent with high 146 assembly quality (Hass et al. 2013 ). We then assessed transcriptome completeness using the 147 Benchmarking Universal Single-Copy Orthologs (BUSCO) method (Simão et al. 2015) . This analysis 148 confirmed that the great majority of single-copy genes found across all vertebrate and Actinopterygian 149 species were present and complete in our assemblies ( Figure 3 ). As expected, the N. ionah 150 transcriptome from a single tissue was less exhaustive than for the other three species; nonetheless, 151 62% of reference Actinopterygian genes were successfully identified as full-length transcripts in this 152 species. 153 154
Identification of orthologous genes 155
We used stickleback (Gasterosteus aculeatus) and zebrafish (Danio rerio) as high-quality temperate 156 teleost reference genomes to identify and annotate orthologous sequences across notothenioid 157 transcriptomes. Stickleback is the species with a sequenced genome that is both most closely related 158 to notothenioids ( Figure 1 ) and for which there is good annotation and functional validation of gene 159 roles. Because our proposed analyses relied on accurate rather than exhaustive orthology 160 identification, we used a fairly conservative approach. Briefly, notothenioid transcripts were 161 compared to stickleback and zebrafish transcriptomes using BLAST (Altschul et al. 1990 ) with stringent 162 e-value thresholds to identify the top match as a putative orthologue in each reference species 163 (Methods). We considered the orthology relationship as high-confidence when the putative 164 orthologues in stickleback and zebrafish correspond to an orthologous gene pair in the Ensembl 165 database (Vilella et al. 2009; Herrero et al. 2016) . We successfully identified 16,941 to 26,974 166 transcripts with high-confidence orthologues in temperate fish across notothenioid transcriptomes 167 (Table 1) . This process resulted in the identification of 10,728 fully consistent orthology groups present 168 in stickleback, zebrafish and at least two of the notothenioid fish (P. georgianus and P. charcoti ). As a 169 control, we also annotated orthology groups across notothenioid transcriptomes using the OMA We sought to examine whether notothenioid proteins exhibited preferential amino-acid usage 175 compared to temperate fish and whether usage differences aligned to the classically accepted 176 psychrophilic modifications in bacteria, such as a decrease in proline, arginine and aromatic residues 177 (Struvay and Feller 2012; Yang et al. 2015) . Overall, amino acid compositions inferred from the whole 178 sequence across the 10,728 orthology groups showed no differences between the four notothenioids 179 and the two temperate control fish (stickleback and zebrafish; Figure 4A ). We then focused on 45,994 180 amino acid residue positions where all four notothenioids showed a concordant substitution 181 compared to the amino acid present in temperate fish. These positions were of interest because they 182 likely represented substitutions that occurred during the evolution of notothenioids and were highly 183 unlikely to have resulted from errors in the transcriptome assemblies. At these positions, the Antarctic 184 fish tended to favour serine (S), isoleucine (I) and methionine (M) and disfavour glutamic acid (E) 185 ( Figure 4B ). The biased usage of serine and methionine seems to be a derived characteristic of 186 notothenioids, because a comparison to more distant human and chicken orthologues yielded similar 187 observations (Supplementary Figure S1 ). A series of biased amino acid substitutions have taken place 188 in the notothenioids, as shown by the red boxes in Figure 5A . When these substitutions were tested 189 for enrichment, ratio tests showed an imbalance in methionine, isoleucine, lysine (K) and arginine (R) 190 (red boxes, upper most section of Figure 5B ). While some ratios were skewed due to low numbers, 191 the most significant bias was the over-representation of positions where leucine in the temperate fish 192 was replaced by a methionine in the notothenioids (lower section of Figure 5B ). However, we could 193 not find evidence that these proteins were evolving under positive selection based on comparisons of 194 synonymous vs. non-synonymous substitution rates so the evolutionary impact of those amino-acid
Gene duplications specific to the notothenioids 198
Of the 10,727 notothenioid orthologous transcripts identified in comparisons with stickleback and 199 zebrafish, 1,628 were identified as potential gene duplications (15% of total) with multiple Antarctic 200 transcripts mapping to a single stickleback transcript. These potential duplicates were manually 201 verified from multiple sequence alignments with their respective stickleback transcripts as mapping 202 to 477 genes, and they were present as multiple copies within at least one Antarctic fish species, rather 203 than multiple non-overlapping transcripts mapping to the same gene. 453 putatively duplicated 204 transcripts were present in at least two Antarctic fish and 46 were present in more than two copies 205 per species. Overall, the potential duplicates mapped to 212 stickleback transcripts (Supplementary 206 Table S2 ). Multiple sequences mapping to the stickleback transcript ENSGACT00000000161 were 207 removed from further analyses because this transcript putatively encodes a pol-like protein within the 208 major histocompatibility locus. This locus contains many repeat elements and thus it was impossible 209 to establish contiguity and correct orthology. Ten other genes that were present in more than two 210 copies in the Antarctic fish were also identified as either being present, absent or in multiple copies in 211 other teleost fish species in a gene-specific manner with no discernible phylogenetic pattern 212 ( Supplementary Table S3 ). Panther Pathways analysis ( Supplementary Table S4 ). These observations were confirmed by KEGG 221 analysis, which showed enrichment in transcripts for focal adhesion (9 transcripts P = 2.73e -3 ) and
Cold fish Mapk signalling (6 transcripts, P = 1.94e -1 ). Both Panther and KEGG analyses included the gene 223 mapk14a (mitogen-activated protein kinase family member 14a) in the enrichment lists (see below). 224 mapk14a is a gene involved in the cellular cascades associated with responses to environmental 225 stress. 226 227 Protein-protein interaction analysis using the STRING program and a medium level of confidence 228 revealed a network of 61 proteins centred on the map kinase Mapk14a (Supplementary Figure S2) . 229
This network was reduced to 15 interactions, including Mapk14a, when the level of confidence was 230 raised to high ( Figure 6 , Table 2 ). This network analysis confirmed the Panther and KEGG analyses, 231 with an emphasis on signalling molecules and transcription factors. The 15 genes in the protein-232 protein interaction network were only present in one copy, or absent, in other teleosts, but two thirds 233 were present in multiple copies in the evolutionarily distant spotted gar and human genomes (Table  234 2). However, the fact that the more bulky isoleucine is preferred over the similarly beta-branched valine 261 does not suggest that there has been pressure to reduce packing in the core of cold adapted proteins. 262
Mutation studies in a bacterial membrane protein revealed that replacement of methionines by 263 leucines reduced stability and affected protein-lipid interactions (Chaturvedi and Mahalakshimi 2013). 264
Hence in the bacterial membrane protein, the methionines were external, but still increased the 265 stability of the protein at 4°C. 266 267 An alternative hypothesis is that these "extra" methionines may act as alternative start sites for 268 certain genes, but a more plausible explanation could be that they are involved in redox regulation. 269
The freezing, oxygen-rich waters of the Southern Ocean promote the formation of reactive oxygen was the identification of numerous "stress" genes including ten involved in the Ras/MAPK pathway, 361 elements of which were also shown to be enriched in our data presented here. 362
363
To date, the vast majority of analyses of Antarctic fish genes, including the one described here, are 364 largely constrained by the fact that the interrogated datasets are all transcriptomes. Many 365 transcriptome studies focus on either single species, or a limited number of tissues and are therefore, 366 reliant on the duplicated genes being sufficiently represented to enable pathway enrichment 367 detection by either PANTHER or KEGG within these datasets. Additionally, many of these studies 368 compare a single species of Antarctic fish with a single temperate relative and therefore cannot avoid 369 any potential lineage-specific, species-specific or tissue-specific biases. Analysis of the amino acid 370 substitutions in several candidate proteins emphasised the need to study such changes across multiple 371 species. Three selected proteins studied here (calmodulin, neuroglobin and SOD1 (Supplementary 372 Information S1)), showed more species-specific amino acid substitutions within notothenioids than 373 between notothenioids and other fish species. In addition, the positions and types of proposed 374 "notothenioid-specific" changes were invariably in the same coding sites that showed high variability 375 among other fish species, with substitutions at the same position of up to six different amino acid Cold fish extensive gene duplication events are in the notothenioids can only be answered with whole genome 378 sequencing of multiple species. In addition, the extent to which these species use the different 379 strategies of either amino acid substitutions to increase protein flexibility and/or gene duplication to 380 increase protein quantity in the cold is unknown. The identification of such changes in proteins 381 selected so far for functional studies may be serendipitous (e.g., most tubulins are notoriously cold-382 sensitive) and not follow the general rule. proteasome has yet to be evaluated (Todgham et al. 2017) . Clearly this compensation is not sufficient 399 to avoid the accumulation of unfolded proteins and the mechanism leading to this accumulation 400 remains unknown. Thus, at the protein amino acid sequence level, these fish appear to be poorly 401 adapted to the cold. This finding may explain the high levels of ubiquitination found in these species, 402 but would not explain the stenothermality of these fish (Somero and Devries 1967 ; Bilyk and Devries Cold fish 2011). The additional question remains about the function of the increase in the number of 404 methionines. Does the preferential assimilation of this rare and specialised amino acid into the 405 genome increase protein stability in critical proteins or to act as a redox sensor? These cellular results 406 contrast with the ecological situation, whereby the notothenioids are highly successful. Future 407 vulnerabilities will almost certainly be the result of complex interactions including the cellular level 408 constraints detailed above and physiological and ecological characteristics such as very low metabolic 409 rates, low energy lifestyles and limited food supply (Peck 2016 (Peck , 2018 . 410 411 Summary 412
Even in bacteria, it is difficult using in silico approaches to define changes that enable a protein to 413 function efficiently in the cold. It is also suggested that adaptation to the psychrophilic lifestyle is more 414 the result of a suite of synergistic rather than unique changes (Methe et al. 2005 ). To date, because 415 bioinformatic approaches still have limited success in predicting function from sequence, hence there 416 is a need to move towards high through-put testing of psychrophilic metazoan proteins to progress 417 our understanding beyond that of a few isolated proteins and to develop an overview of genome-wide 418 cold adaptations. The new era of long read sequencing will facilitate the generation of reference-419 quality genomes, and the notothenioids are currently one of the specialist groups targeted by the 420 Sanger Institute as part of their contribution to the international Vertebrate Genome Project. These 421 genomes will provide an invaluable resource for functional studies, which are clearly essential for 422 understanding the subtle amino acid substitutions identified in this study, particularly the role arising 423 from the significant increase in methionines. Given evidence accumulated to date, it is entirely 424 possible that the Antarctic marine fauna are "clinging on" to life in their environment with only a 425 selected number of biochemical pathways modified to work efficiently below 0°C (Clark et al. 2017) . 426
In a warming world, it may be this relatively small number of cold-adapted proteins that are 427 responsible for the vulnerability of these stenothermal species with considerable impacts for Only spleen tissue was available from this species ( Supplementary Table S1 ). Reads used for the de novo assemblies were remapped to the assembled transcripts using Bowtie 462 (Langmead et al. 2009 ) with the parameters implemented in the RSEM pipeline (Li and Dewey 2011). 463 Transcriptome completeness was estimated with BUSCO using the Eukaryota, Metazoa, Vertebrata 464
and Actinopterygii reference gene sets (Simão et al. 2015) . 465 466
Orthology assignments 467
For sequence evolution analyses, transcripts were additionally assigned to orthologous gene families 468 based on three-way orthologous relationships with stickleback (G. aculeatus) and zebrafish (D. rerio). 469 Curated, non-redundant cDNA sets for stickleback and zebrafish were downloaded from Ensembl v81 470 (Cunningham et al. 2015 ) and compared to the four notothenioid transcriptome assemblies 471 independently using BLASTX to identify putative orthologs (-max_target_seqs 1, -evalue 1e-40) 472 (Altschul et al. 1990 ). Family assignation was considered robust when the stickleback and zebrafish 473 transcripts separately identified by the BLASTX analysis of the four notothenioid transcriptome 474 assemblies themselves corresponded to a pair of orthologous genes according to the Ensembl 475 Compara gene trees (Vilella et al. 2009 ). Transcripts that could not be assigned an orthologue in either 476 of the two species, or resulted in a discrepancy between stickleback and zebrafish (i.e. the best BLAST 477 hits were identified as paralogous in the Ensembl Compara gene trees, or otherwise non-orthologous 478 genes) were not used for sequence evolution analyses. The OMA pipeline was also run with default 479 parameters on the four notothenioid transcriptomes to independently identify orthologues across 
